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SCHUTZ A, SKERTFVING S, RANSTAM J. CHR!§TOFFERSSON 3-O. Kinetics of lead in blood after
she end of occupational exposure. Scand J Work Environ Health 13 (1987) 221 —231. The sum of two
aponential functions was fitted 10 the decay of bloqd tead (PbD) level aflter the end of lead exposure.
tor (wo subjeuts who had not ormerly been occupationally exposed (a lead but who had been exposed
s0 a single short heavy dose, the fast compartment (probably soft tissues) had a biological haif-time of
v+ and 44 d, respectively. FFor 20 lead workers after the end of occupational exposure, he corresponding
median was 29 (range 7—6) d. For 21 ex-lead workers, the median biological half-time of the slow com-
partatent was 5.6 (range 2.3—27) years. There was significant interindividual variation in both the fast
and the slow hatt-time This finding probably means a considerable variation in risk at a certain exposure
1evel. in the lead workers, the PbB fraction correspanding (o the slow compartment had a median as
nigh as 1.8 (range 0.7—2.7)- umol/1, which constituted more than half of the total PbB. This fraction
was associated with exposure history, and with the lead level in the skelcton, the latter determined in vivo
by an X-ray tluorescence method. The data thus indicate a rather rapid turnover of the skeletal fead pool,
2 phenomenun which may affect the PbB level considerably.

Koy terms: half-time, metabotlic model, two-compartment model.

2 ¢posure is common in industry. The biood lead
~a} level is the main parameter used for the bio-
.~a) monitoring of lead cxposurc (74). However,
"viadue on the kinetics of PbB is incompiete, as it
.yarding the metabolism of Icad in the other tis-
. s the body (79), which is a phenomenon that PbB
. =urror,

. the present article we report a study of the decay
~ren of fcad in the blood of lead-cxposed subjects
~+ the end of exposure, This decay pattern could
. ewerpreted by a metabolic model.

Sjects and methods

2cts und sampling

¢ figst group to be studied was 23 male ex-lead work-
. ttable 1). Their mean age was 55 years and their
< exposure time was 23 years. The PbB was usually
samined at the end of exposure and then at varying
wervals, For ten subjects PbB was determined once,
sore often, a year. For one worker (number 101),
raformation was available concerning the first year
¢ the end of exposure. For 12 subjects (numbers
#~115), several determinations were made during
w first year, then at year seven, and then again from
wr nine on about twice a year. For ohe subject (num-
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ber 102) there was a lack of data between 3.5 and 9.6
years after the end of exposure.

In addition [7 male icad workers temporarily re-
moved from exposure were investigated (table 2). Their
mean age was 49 years, and their mean exposure time
was 11 years. The reason for removal from exposure
was high PbB levels (generally about 3.0 umol/l or
more). Twelve of the workers were transferred from
a smeltery to a ncarby plant, the work in which did
not involve lead exposure. The PbB level was gener-
ally determined when the workers left the smeltery and
then once a week for three weeks: later PbB measure-
ments were made once every (wo to four weeks.

Furthermore, two male volunteers, who had been
unexposed occupationally, but who had been exposed
to a single short heavy lcad dose, were included (table
2). Details on these two subjects have been published
eisewhere (56).

Spot dcterminations of **background’ PbB levels
were made for 47 healthy workers not occupationaily
cxposed to lead. They lived in the same county as the
exposed subjects and were all blue-collar workers.
Their average PbB level was 0.3 umol/l. In this con-
nection, it may be mentioned that, for 15 workers in
a glue production plant located close to the nonjead
resort of the temporarily removed smeltery workers,
the average PbB levei was 0.5 (range 0.3—0.7) umol/L.

Medical examinations

For most of the subjects, an occupational and medi-
cal history, including alcohol habits, was obtained. Ve-
nous blood sampies were analyzed for lead (see the sec-
tion Blood Lead Determinations), hemoglobin, sedi-
mentation rate; red and white cell counts; calcium,
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phosphate, and creatinine concentrations; and alkaline
phosphatase and gamma glutamyl transferase activi-
ties in serum. A urine samplc was analyzed for albu-
min and glucose.

Among the ex-lead workers, detailed medical infor-
mation was lacking for four. Among the 19 remaining,
12 had earlicr been removed (at least once) temporarily
from lead exposurc because of a high PbB level and/or
a high delta-aminolevulinic acid level in the urine. One
subject was clinically diagnosed as lead poisoned
(upper abdominal pain, constipation, neuropathy, and
slight anemia) at the time when his exposure ended.
No onc else had been treated in a hospital because of
lead poisoning. One worker had a clinically silent
chronic lymphatic leukemia, and one had a type 2
diabetes treated with diet only. Three persons had slight
increases in their serum creatinine levels, and two
others showed slight albuminuria. Three subjects had
somewhat increased gamma glutamyl transferase
activities, in their scrum, two of whom were known
to abuse alcohol.

Among the 17 temporarily removed lecad workars,
detailed medical information was available for 14.
Among these 14, seven had carlier been removed be-
cause of a high PbB level and/or a high delta-
aminolevulinic acid level in their urine. None had been
treated with drugs because of lead poisoning. Three
subjects had slightly increased gamma glutamyl trans-
ferasce activities in their serum, one of whom also had
an increased alkaline phosphatase activity in his serum.
One person had an isolated marginal increase in
alkaline phosphatase activity in his serum.

The two subjects without previous occupational lead
exposure were both in excellent health.

Blood lead determinations

Blood was obtained from the cubital vein. During the
first years of the study, acid-washed heparinized sam-
pling tubes were prepared at our laboratory. Later on,
evacuated, metal-free Vacutainer® tubes were used.

Almost all of the PbB determinations were made in
the same laboratory and Ly the same method. The
samples were wet-ashed, and lead was complexed with
dithizone, extracted, and determined by flame atomic
absorption spectrometry (AAS) (55, 56). The detec-
tion limit was 0.05 umol/1 (10 wg/t).

Each analytical scries contained six samples, two
blanks containing rcagents only, and four “‘normal"’
blood samples (two of them with standard lcad addi-
tion), All the samples were analyzed twice. The coef-
ficient of variation calculated from duplicate analyses
of 25 samples containing 0.5 umol/l or less was
6.6 % of the mean, for 57 samples containing 0.5—1
gmol/l it was 3.9 %, for 58 samples containing {1 —2
pgmol/l it was 2.5 %, and for 60 samples containing
2—1.5 pmol/! it was 2.0 %.

The accuracy was tested twice cach year in a Nordic
interlaboratory calibration program with 6—19 (mean

12) accepted laboratories participating on tach o,
sion. The regression function of our results (Y, g
on the average result of the other laboratories (X)
Y =1.008X —0.052. Our results for the 11§ Qs
(range 0.2—5.6 umol/1) averaged 96.3 % of the -
(range 80—112 %o; 62 % within 95—105 %) of the ¢
laboratories. Furthermore, we participated in 1he
External Quality Assessment Scheme during the &
part of the study. In the 29 samples analyzed, ou

sults by single analysis averaged 99 %% of the mean ¢

umol/l) (range 90—115 %; 72 % within 95~10¢
of the about 90 participating laboratorics. Nep
quality control series displayed any time trend

During the first year of observation of sube
104~118, the first three years of subject 102, and;
six [irst years of subject 116, PbB was determined !
a colorimetric method after extraction with dithuy
in chlorolorm. The detection limit was about €
pmol/1. The results obtained by the coloriinctric o
od averaged 105 (SD 6) % in the concentration sa
0.3—1.9 umol/l and 100 (SD S) % in the r»
2.0—5.4 umol/| of results obtained with the fis
AAS method.

From subject 116, for the following four y&
determinations were made by flame AAS aficr re
pitation of proteins with trichloroacetic acid (221 ¥
detection limit was 0.2 umol/l, and the methed
about 10 %.

Mathematical analysis

Three models corresponding (o the sum of one.f*:
and three exponentials were considered for the P
decay curves of cach individual worker. A fn
“background’” value of 0.3 umol/! was used foe
the subjects and each inodel. The nonlinear regtes’
procedure in the statistical package BMDP (21? **
used. This program produces cstimatcs of the pra*
eters which minimize the unweighted residual su3
squares using a modified Gauss-Newton alb"-‘"”.”_
Minimum and maximum values can be spevified

each parameter. Thus two parameters and theif ¥
totic standard deviation were estimated: an climl‘*‘1
rate {transformed and quoted as half-time T“'"“
T%(2), and T(3)] and the concentration corren™

¢ e —~—a—

ing to each compartment [Y(1), Y(2), and Y(})! .

fidence intervals were estimated on the assunl_l‘“‘:“:
asymptotic normality of the estimates. The it <
three models was judged from comparison Of‘b‘.’“.
tion of total variance in the PbB values c\f‘“"':.‘
(R? %), In addition plots of residuals vers¥* =
were used for checks of the vatidity of the mede: ™
the accuracy of the individual curve fittings:

To describe accumulation, a {unction ol the ) .".
Y(1) = A[l - exp( — B x 1)], where A is a scale i~
B an elimination constant, and t time, was &
the data by use of the nonlincar regression Prse”
in BMDP (21).
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o vad fevels
oo ad fevels were determined in vivo (rom the
¢ phalanx ot the left Toretinger of 37 subjects by
‘ v Tuorescence method, as described cartier (16).
. Jetection limit was 20 pg/g, and the method er-
“Jlmul 1S %. Readings below the detection limit
. peigned @ value ol 10 ug/g in the calculations,
r,\,,( cases, levels derived cither at duplicate
_purements (16) or calculated from a series of
Jmrun:.nts (15) were employed.

s Hics
‘cmral nonparametric tests were employed. For
wiations the Spearman’s rank correlation (rg) was
‘_.J and for comparisons ol duplicate mecasurements
4 the same individual the Wilcoxon’s matched-pairs
whal-ign test was used. Comparisons between groups
¢ made by the Mann-Whitney U-test. In a few in-
s, a single or multiple linear regression analysis
. » made. For establishing interindividual variations,
L=omial tests were employed. When more than one
ecration series was available for a particular in-
sodual, the value corresponding to the calculations
.+ the best fit (R?) of the compartment analysis was
1. All P-values are two-tailed. *‘Statistically sig-
xant’ denotes P <0.05.

" ta4ulls

< dochine rate of PbB was, in most cases, rapid soon
. aend of exposure, but later on it was slower (figure
There was generally a gocd fit of the observed PbB
_ay of the three compartment models tested (tables
ed ). However, one subject (number 122) (table
mplayed pronounced irregularities in the elimina-
e pattern, which rendered serious suspicion of oc-
~amial, ongoing c¢xposure. In addition the lack of
- 8data during the first 94 d after the stated end of
-wsure probably contributed to the bad fit to any
.+¢ models tested. He has thus been disregarded in
~ lollowing results. Another ex-lead worker (number
Awas excluded because of suspected lead exposure
~ug the lirst month of the supposedly exposure-free
ewd {rising PbB). Furthermore, before the second
renation period (from year 7 on), his PbB had
: rrased to very close to the background level, and
«T':(2) was determined merely from the observa-
- made during the first year. No conclusions as
+#ds the kinetics of a slow compartment seem to
- wnfied in this case.

*x most of the ex-lcad workers, (he number of ob-
“auons during the first period after the end of ex-
-ste was too few (less than four per two months)
<o reasonably accurate estimates of the decay rate
* fast compartment. Thus, for all but three (num-
1102, 103, and 123), an approximatc half-time of

hat compartment [T%(1)] of 30 d was employed.
< the following text.)

The tit of the two-compariment mode! (median
97 %, range 35—99 To) was considerably and sigmifi-
cantly (P <0.0001, Wilcoxon) better than that of the
one-compartment model (median 86 ) (tables | and
2). The it of the three-compartment model was similar
(medians 97 versus 97 %) (table 1), though significantly
(P <0.01, Wilcoxon) better.

When the three-compartment model was employed,
the median of Y(1) was 0.6 (range 0.0—2.3) umol/i,
that of Y(2) was 1.4 (range 0.0—2.5) umol/l, that of
TV2(2) was 3.7 (range 0.3—16) years, that of Y (3) was
0.3 (range 0.0—2.6) gumol/l, and that of TY2(3) was
> 100 (range 4.9—00) years.

In the following presentation, only the simplest mod-
el with a good fit, ie, the two-compartment one, will
be discussed.

With the use of the two-compartment model, the
decay rate in the remaining 2! ex-lead workers (table
1) had a median biological half-time of the slow com-
partment (TY2(2)) of 5.6 years during a median post-
exposure period of 13 years. There was a considerable
range for T'(2), ie, 2.3—27 years (table 1).

The data were sufficient for an estimate of the half-
time of the fast compartment in three of the ex-lead
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Figure 1. Decline of the blood lead level (PbB, logarithmic) atter
the end of exposure for three ex-iead workers. A two-
compariment model was fitted to the data. Both compartments
and their biological half-times (T ¥2) are indicated. For subjects
104 and 117, the half-time of the fast compartment [T va(1)} was
assumed 10 be 30 d. (y = years)
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Table 1. Kinetics of the decrease of lead in biood (PbB) alter the end of 1he occupational exposure of 23 ex-lead workers observed for mem g,
one year. (R? = degree of explanation, T¥:{1) = halt-time of fast comparimaent, TV2{2) = hail-time ot siow compartment, 95 % Cl =95 », Cotdugn
interval, Y{1) =Y intercepl tor the fast compartment, and Y(2) = Y intercept for the slow compartment)

|

One
T L Ty
Exposure First ~ O0ser  Number compart- wocompariment modet Comay
Sub-  Ages -XPOsu 3t vauon of ment Fast compartment Slow compartment e
ject*  (years) M8 Pb tim sam. _Mmodet e
(years) (moll) 1 qara Dles " T 95 % Ct Y1) T 95 % Cl Y 5 —
R () (umolll)  (years wmotiy "} (4
(%) ~
101¢ 44 45 18 29 5 68 30 0.0 a7 20-27 19 68 [}
102 60 5 a2 15.0 39 87 29 2147 1.4 8.4 76—-95 28 97 r
103 49 10 59 5.1 40 68 39 3—-47 3.0 4.2 J4-57 22 98 »
104 S4 35 2.7 13.0 11 87 ks . 14 23 0%—a LR 4 5 -
105 41 3 30 129 10 88 30¢ 08 56 43-82 1.9 94 L}
108 48 8 29 129 12 9N 30¢ 10 48 42-51 18 29 [ ]
107 54 34 23 13.0 13 94 30¢ 11 35 28—~47 20 98 ]
108 ko] 7 a7 129 12 9N 30¢ 12 46 42-5.2 22 99 w
109 59 27 26 12.9 12 79 30¢ 1.0 5.1 45-58 1.2 99 »
10 56 26 18 129 12 51 30¢ 17 76 6.7—-88 18 93 - )
" 65 45 13 12.8 12 86 300 10 94 73—115 20 97 L}
T2 51 33 3.2 128 10 95 309 05 58 50-—-6.9 23 98 ]
13 66 44 3.0 1.2 9 96 30d 0.5 56 4.7—68 23 o8 -
114 31 4 - 2.4 10.4 8 98 300 0.2 08 05-25 20 98 ”»
115 63 45 2.2 9.4 6 98 309 03 39 3.3—48 16 9 ]
118 67 10 43 132 9 82 300 1.4 8.7 6.7—12.4 25 97 [ ]
nre 59 27 20 42 14 3t 30 0.1 18 3100 18 3 b
118 58 22 19 49 0 78 0 04 55 43—-138 12 91 L]
119 65 30 28 4“8 13 96 300 028 a7 40—58 1.8 98 ”
120 65 3 23 46 14 64 309 08 95 §2—213 1.3 89 [ 4
121 65 14 18 43 "7 78 30 a4 a3 13—6.4 1.0 R -
122 61 24 1.8¢ 38 12 9 309 . 48 00 o 00 14 0 u
123 65 a8 20 1.7 12 27 7 22— 03 27 55— 15 50

§ ix

* Number 101 was a cast bronze founder. number 102 a spray painter. numbers 10J— 115 starage batiery workers, number 116 a wire lexd
and numbers 117—123 smeltery workers.

> At the end of exposure.

¢ Numbers 101 and 117 are identical wilh numbers 201 and 217, respectively, 1n 1able 2.

9 When fewer than four samples were obtained during the first iwo months afier the end of exposure, the T%(1) was assumed 10 be X ¢

* Sample obtained 94 d alfter the end ol exposure.

Table 2. Kinetics of the decreass of the blood lead (PbB) levels during a porary ion of ional among 17 lead wom
observed for iass than one year and among two volunteers who had a short, heavy . (R? = degree of exp , Tva(1) = nail-ume & &
fast compartment, T%(2) = haif-time of 1he slow compartment, 35 % CI =95 % conlidence interval, Y(1) = Y intercept for ihe fast companment. 73 +*
intercept for the slow compartmant}
e ——
One Twocompartment model |
Expo- X Obser- Number ' low com-
Sub- Age® sure ‘;,'g’al vation of m w Sp:ll'ﬂ\ﬂ“‘ [ ]
ject* (years) (Iamo (ol time sam- T 95 % Cl Y — e
years) (@ ples R @ (moin) Y@
%} {amoini}

2010 aQ 3 6.7 199 20 87 % 21-35 36 26 .
02 ] 23 45 209 12 87 4 B—147 12 27 p
20 59 22 - 42 172 10 94 89 8337 21 1.9 .
80 23 5.4 18 14 9% 49 -7 28 23 p

204 53 -~ 22 40 239 12 88 37 2574 1.3 22 pe
20% 38 14 29 48 7 89 " T—= 12 22 .
208 60 5.5 a0 12 " 92 28 1861 1.1 15 "
207 52 29 30 218 12 73 63 20— s 20 .
208° 28 s 34 114 10 94 3 24—58 18 7 .
28 4.0 32 115 1 9 2 18—-36 1.2 16 -

209 48 7.8 as 171 1 ™ 13 8-38 13 18 P
210 58 as 3.9 180 11 92 a7 28-139 15 18 »
2n 59 13 28 158 12 54 8 5—18 08 19 .
212 49 10 3s 238 13 9 7 5—10 08 ° 24 4
<3 51 15 a0 120 10 87 20 1434 19 18 "
214 0 10 35 158 12 97 50 3875 20 1.0 .
215 50 1.0 33 . 147 9 84 24 19—35 14 r? v
216 29 03 35 83 11 97 42 -7 24 09 v
2170 59 28 30 1"t 9 % 83 = V5 12 -
318 k] 0.0001 21 218 12 94 14 17—-82 14 0.1 .
319 a7 0.0001 23 500 13 97 a4 2-n 1.7 9.1 -

XY Xad
¢ Number 201 waa a cast branze founder, numbers 202— 205 demolition workers, numbers 208—217 smatiery workers, il numoers a1g-t
untesrs.
* At ihe end of exposure.
¢ Tva(2) is assumed (o be 5 years.
¢ Numbers 201 and 217 are identical 10 numbaers 101 and 117, respectively, in 1able 1.
¢ Two subjects were studied twice. In the statistical calculations, the decay pattern with the best il was used.
! Sample oblained 15 d after the end of exposure.
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rs 102, 103, and 123) (table 1) and in
Iy removed lead workers (1able 2). The
CLon period 10 Lhe latter group was too short
o e estimation of the haif-time of the slow
f::‘..,, [T':(2)). Thus, in the calculation of
"”",l"r £hc58 subjects, an approximate TY2(2) of
Y ihe preceding text) was used as being the
. mate. The median TV2(1) for the 20 subjects
"1y Thew median observation time was 155 d.
o _‘_'w,- T4 (1) was considerable (7—63 d) (table
L;bi\_dg 203 and 208, the TY:(1) with the best
d 3nd 24 d, respectively, being used. The decay
‘ »ith the shortest and next longest T'Ya(1),
J"‘u“h” are shown in figure 2.
'?:‘“, in two subjects (numbers 203 and 208) (ta-
« the decay pattern was studied during two pe-
* = temporary removal from cxposure, 0.5 and

'y ] .
T«'ﬂ’ apart, the decline rates of PbB were com-

. inuinbe
.

L Laporarnt

Japctth

of ¥

2 . .

e two formerly occupationally unexposed subjects
sy of 27 and 44 d (table 2.

—e Y intercept of the fast compartment {Y(i)] had
wanol 0.8 (range 0.0—3.0) umol/1 for the 21 ex-
' sockers (table 1), and 1.3 (range 0.5—3.6) umol/|
.’.’x 17 remporarily removed ones (table 2). The dif-

AT RS statistically significant (P = 0.007, Mann-

ey )
v ¥ intercept of the slow compartment [Y(2)] had

~hanof 1.8 (range 0.7=2.6) ymol/1 for the 21 ex-
o surkers (table 1) and a median of 1.8 (range 0.9—
- ymol#t for the 17 workers temporarily removed
wesposure (table 2). The groups were, of course,
« upnilicantly different. For both of the two oc-
~enonally unexposed subjects, Y(2) was 0.1 amol/L.
s the 21 ex-lead workers, Y(2) made up for a
adan of 68 (range 33—100) % of the combined com-
eoents [Y(1) plus Y(2)], whereas for the workers

Ty, (1) (d)
B0r
o ¢
o * .
4O o. a e o
.
201 .i . *
o
o%e
o]

0 1 207 30 40
¥(1) intercept (umol/1)

®re 1 Relationship between the halt-time (T ¥a(1)} and the

surcept (Y(1)] of the fast compartment in a two-
~canment model fitted to the decline of the blood lead
“A levels after the end of exposure. Closed circles and open
“res denote lead workers and volunteers, respectively, in
34 2. open circles and triangles denote ex-lead workers in
©e 1. (Circles = subjects studied up 10 5 years, triangles =
Aacts studied more than 5 years)

PbB (umol/l)
47
1& Subject 212
3
1 ..4.. Py * & Py
e b
24 Tv2{2)=5y
1-
\Tw(1)=7d
osar — . —_ T v
4~
3«\ Subject 217
®.
24 \.~.
b T12(2)=5y
SN
11 AN
AN
N T2(1)=634d
N
0‘5‘. v \T T T -
0 50 100 150 200 250

Time alter end of exposure (d)

Figure 2. Oecline ol the blood lead level (PbB, logarithmic)
in two lead warkers temporarily removed from exposure. A two-
compartment model with a biological half-time (TV2) 0! 5 years
far the slow compantment was litted to the data. Both compart-
ments and their half-times are indicated (From subject 217,
the first blood sample was taken 6 d after the end of exposure.}
(y = years)

Ty,(2) &y
20 -
o]
15 4 ©
10 - 9
9 4
vo
54 v v v
M o ® v ? vs
<
04 \%

Agely)

Figure 4. Relationship between age and the half-time of the
slow compartment {T ¥2(2}{ in a two-compartment model fitted
to the decline of blood Jead levels after the end of exposure.
Symbols as in tigure 3. (y = years)
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Figure 5. Relationship between time ot occupational lead ex-
posure and Y intercept of the siow compartment |Y(2)] in a two
compartment model fitted to the decline of the bicod !eaa

(PbB) levels after the end of

exposure. Symbols as in figure

3. Subjects 101 and 117 are identical with 201 and 217, respec-

tively. (y = years)

v(2), g (umol/)

30
[ ]
25] o2
[ ]
[ ]
®
2.04 . o . o
[ ] .. °
154 $ o, W
o]
- &} < 217
04 * o 0 9 .
A4
v
05{ ¢ o v
o :

0 25 50

75 100 125

Bone Pb, finger {xg/gf

Figure 6. Retationship betwe

en the lead level in finger bone

(Bone Pb) and the Y intercept of the slow compartment [Y(2)] in
a two-compartment model fitted to the decline of blood lead
(PbB) atter the end of exposure. Symbols as in figure 3. Sub-
jects 101 and 117 are 1dentical with 201 and 217, respectively.
Note: The “'Y(2)" values are not the same as in tables 1 and
2. as they have been recaiculated to the time of the first bone
tead determination. The symbols in the shaded area represent
bone lead levels below the detection limit (20 ug/g).
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temporarily removed from exposure it was §? (m
27—80) M. The differcnce was statistically signifiy
(P =0.02, Mann-Whitney). For all the lead wortg
the median was 65 %, while the fractions were ¢
7 % for the two occupationally unexposed subjas

T'2(1) correlated significantly with Y(1) (r,202
P =0.03) (figure 3), but not with age, time of expow
initial PbB, Y(2), or the serum creatinine levels, §.
five out of the 20 subjects with an individually e
mated T2(1), the linear regression line for T'3(1) un:
Y [TYa(1)=5.4x Y(1) + 23] did not run through &
95 % confidence interval of TY2(1). This result shows
that there was a statistically significant (P =0.q»
binomial test) interindividual variation for T'Atl}

The T'4(2) of the ex-lead workers correlated &
nificantly with age (ry=0.50, P =0.01) (figure 41, %
not with exposure time, observation time, initial 1%
Y(1), Y(2), or the scrum creatinine levels. In 10 &
of the 21 subjects, the finear regression line for Tty

upon age [TY:(2)=0.15xage—1.7] did not &
through the confidence interval of T (2). This (&
ing showed that there was an interindividual sanae
for TV2(2) (P <0.0001). .
When Y(2), for all 38 lead workers and the wo us

1
|

posed subjects, was plotted against exposure i

(figurc S), there was no significant nonparametns &
sociation. Neither was there any linear correla

However, when an exponential accumulation o .

was fitted to the data, there was a reasonabi -
{R¥=49 %, P <0.001). The elimination constant »~
1.2, corresponding to a half-time of 0.6 years. and )+
leveled off at 1.8 umol/I.

Morcover, there was a tendency for the worken i
porarily removed from exposure to have a highet V<
at a particular exposure time than the ex-lead woebe.
However, the difference was not statistically sigmfka?
in the multiple regression analysis. Neither did the <
servation time display any significant association®”
Y(2).

For the 35 lead workers and the two unexposed "
jects, there was a significant correlation between Vie
and bone lead content (rg=0.36, P =0.01) (figufe b
Multiple linear regression analysis displayed that e
was an increase in Y(2) of 0.008 umol/I per ué §*
bone-Pb (P = 0.005). Furthermore, the temporani* *
moved workers had a Y(2) that, on the averase. *°
1.0 umol/! higher than that of the ex-lead workers: |
finding was also obvious from the decrease in ¥ -’:
0.09 umol/| per year of the postexposure obsen Al:‘
time (P <0.0001). Among the active workers. e
seemed 1o be a leveling off of Y(2) when the bene \r."
content increased. There was no such clear correR™
ing tendency among the retired workers.

Discussion
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A multiple exponential model fitted well the de3?
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tern of PbB. However, there are other posslbnlmo
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[t berween the air fead level and PbB (eg, in re-
s 12013 19), between PbB and plasma lead (20,
. 13, and between PbB and the lead level in urine
T 36,67 could Tavor the choice of a nonlincar
,:!:L However, climination rates similar to ours have
" reported earlier, both for subjects far less (11,
"Th)and far more (14, 46) exposed. In addition there
,.'x.m indication in the present data that the glimina-
f - ates were faster in subjects with a high initial PbB;
'“,‘_.h, the T42(1) increased with increasing Y(1). Thus
" ¢ are al present no serious objections against the
_ o1 amultiple exponential model, at least not in the
l,.g concentration range that we have studied.

‘;of a [ew subjects, the fit was not as good. For fiv.';

_wants the R¥ was <80 %, and for one of them it

"h g 9. This result may be due lo.lhe fact 'that. in

e subjects, the Pbp was low during a major Rar!

ey observation _perxod and that thus the analytical
. ¢ had a great impact.

« w relevant to consider whether the number of com-
=i 1s Lwo. Different authors have proposed one
), wo (1, 7. 63, 64), three (4, 33, 43, 53, 66),
w413, 23, 44, 45, 60), and even five (6) compart-
<y i human metabolic models. The simplest mod-
"Ly ¢ave 2 good fit in the present study was the two-

,-.guflmcnl one. Thus there was no reason to choose

—ecomplicated model. OF course, rom a theo-
- point of view, a larger number of compartments

,hable. Thus data from the two subjects exposed
..o 2single heavy lead dose may indicate an initial
1t decay of PbB (56). For most of the subjects

. present study, such a phenomenon would have

- xned undetected. There was probably a continuous

. epion 0l lead from the lungs and gastrointestinal

.+ tof some time alter the end of exposure. (Sec the

. sawng discussion.) In addition the early observa-

~unete [ew. However, for the two subjects (num-

nt and 216) from whom frequent observations
- made during the first few days after the end of
<ure, the data did not indicate any rapid initial
= ¢, Moreover, in addition to the relatively small

-~ of observations, the litnited observation period

- -2 %¢ analvtical mcthod error may obscure other

=snments, especially small or very slow ones. In-

<. wme observations in the present study may in-

. wrethatthe slow compartment really has more than
= vemponent. (See the following discussion.)

" rarts of the body which constitute the two com-

«enis must also be considered. The only organ

~ »rane fcad amounts sufficiently large to cover the

. ~Jmable excretion associated with the decay of the
* vepartment {on the order of 0.05—0.1 mg/24 h
« = only, for several years (60)] is the skeleton,
~Yvontains hundreds of milligrams (1, 15, 16, 39,
s Wentity between the slow compartment and
%l pool is also strongly supported by the as-
“®am between Y(2) and the bone lead content. The
" wwaey, including the lung, contain only a few mil-
{10, 59), an amount which fits with the excre-

¢

tion during the emptying of ‘he fast compartment.

The median halt-time of the fast compartment was
about one month. There may be errors that affect this
cstimate. [t is difficult to be absolutely sure that the
exposure did stop totally at a fixed date; some exposure
may have continued after the formal end of exposure.
For example, for the temporarily removed smeltery
workers, the worksite alter removal was located only
a few hundred meters (rom the plant. Also, the homes
of the workers may have been contaminated. In addi-
tion, a worker may have a pool of lead in the lungs
and the gastrointestinal tract and thus continue to ab-
sorb lead for some time after lead inhalation and in-
gestion have ceased. The limited data on hand — fre-
quent measuremcnts of two subjects — may indicate
such an absorption, but mainly up to one week after
the end of exposure, which is in accordance with ear-
lier observations (9, 12, 13, 31, 32). This delayed ab-
sorption is probably the reason of the present weak
positive correlation between T'2(1) and Y(1). These
possible sources of error all tend to give a somewhat
too long an estimate as compared to the true half-time.
Furthermore, the workers temporarily removed from
e¢xposure were not randomly selected. They were re-
moved from exposure because of high PbB levels, and
this occurrence might partly be the result of a slow
elimination rate in those particular individuals. An-
other possible explanation of the slight positive as-
sociation between TY2(1) and Y(1) is a bias introduced
by the disregarding of possible intermediate compart-
ments.

PbB is mainly present in the red cells. It could thus
be suspected that the lifetime of these cells would
determine the TV2(1). However, the calculated T2 (1)
is considerably shorter than would be expected if lead
were eliminated from blood only at the normal death
of these cells. But lead is known to cause hemolysis,
and the question can be raised of whether it could have
affected the TY2(1). Hardly, at least not considerably,
as there was no correlation between T2 (1) and the
initial PbB. A negative correlation would be expected
if hemolysis were important. For the lead workers tem-
porarily removed from exposure, we had to employ an
estimated T'2(2) of five years. However, this proce-
dure did not affect the TY2(1); even a TY2(2) as short
as one year, or as long as (0 years, would cause only
slight changes in the T4 (1).

Having taken these possible errors into considera-
tion, we still find it fully justified to conclude that the
average TY:(1) is about one month. This assumption
is also compatible with various kinds of earlier data
on the elimination (1, 11—14, 20, 27—29, 36, 37, 40,
46, 50, 53, 54, 56, 65), if a second, slow compartment
is taken into consideration, and on the accumulation
(5, 24, 27, 28, 37, 38, 48, 65, 67) of PbB.

There was a considerable interindividual variation
in TY2(1). To some degree this occurrence may be ex-
plained by various errors in the estimates of individual
decay curves. Thus the two subjects studied twice had
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necular (o1 cancetious) bone pool may be more im-
,m( (5. But, in addition, in the active workers,
5y also be affected by a small, intermediately
I‘\“’l perhaps contained mainly in the liver, the
m\\ (10, 59, and the skeleton (an ¢ven faster pool
, the trabecular one). When the data of subject 103

M;rc 1 is closely examined, one may, in fact, an-

~te more than one component in the slow com-

., unent.
e impact ot organs other than the skeleton on Y(2)

pe mdicated by the accumulation pattern of Y(2)
'H jcreasing exposure time. A steady state was
sohed already within a couple of years, This period

.J.M than in trabecular bone (57); the turnover of
LI

;eal bone is much slower (15, 61). The accumula-

apattern may also be atfected by the nonlincar be-
l.,m of lead in erythrocytes (19, 40, 43). This
ecpotncnon may also be the cause of the apparent
ey off of Y(2) upon lead in linger bone in active

<Lers {but not in the retired ones, who had lower
.3 tevels).

-nere was a considerable interindividual variation
_y2yat a particular exposure time. Oue obvious ex-
,auon is variations in the intensity of exposure. An
«nyonal explanation may be the interindividual var-
" "as in lead metabolism scen in this study, as well
.. carlier oncs (8, 32, 60).

" ihe variation in the kinetics of lead metabolism
..uld incan a considerably varying risk for different
ouduals exposed at the sarae level, which, of course,
~portant from a practical point of view. A short
1), as the result of a rapid excrction, is probably

. ahantage lor the worker. On the contrary, a long
(21 may be good, as it means that the net endoge-

w ezposure from the skeleton is low.

s many countries, lead workers are removed from

2 evposure when they reach a PbB *‘trigger level”

smnal level’; in Sweden at present 3.0 pmol/1),

: they are not allowed to return until the PbB con-

wcation has decreased to a *‘safe level' (*‘return
1 2.0 pmol/Y). In our “‘typical’” lead worker, who
tanY(2)of 1.8 umol/l and a T2 (1) of one month,
L peocess will take as much as avout six months.
. sever, newly employed workers, who have a smail
3, would display the same decay in less than a

«ath. On the other hand, as many as 57 % (24 of

" M our workers had a Y(2) of more than 1.7 umol/1.

~ % assumption of a *‘background’’ level of 0.3
=%, they would reach 2.0 umol/! only alter a suf-

«zily long time had elapsed to affect the slow com-

-'ment. In the workers who were followed for a long

.30 % (7 of 23) would require-more than a year

wah the *'safe level.'” These assumptions are in

-xdance with observations of workers removed

a axposure (49).
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